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ABSTRACT
In this work, a modeling study of the effect of the junction quality on the performance of a
silicon solar cell is presented. Based on a one dimensional modeling of the solar cell, the
continuity equation of excess minority carriers is solved with boundary conditions taking into
account the intrinsic junction recombination velocity and led to analytical expressions of
photocurrent density, photovoltage and electric power. The effect of the intrinsic junction
recombination velocity or the solar cell junction quality on photocurrent, photovoltage and
electric power, is exhibited and we determine the maximum electric power, the junction
dynamic velocity at the maximum power point and the conversion efficiency according to the
junction quality of the solar cell. From the electric power lost at the junction, we calculated
the shunt resistance of the solar cell according to the junction quality.
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1. INTRODUCTION
The characterization of the minority carriers’ recombination parameters such as carriers
diffusion length L, back surface recombination velocity Sb and intrinsic junction
recombination velocity Sf0 is important to design any solar cell device because the
recombination of the photogenerated charge carriers limits the solar cell's performance [1].
Among all of these parameters, the intrinsic junction recombination velocity Sf0 related to
interface states characterizes the losses of excess minority carriers at the solar cell
emitter-base junction. The intrinsic junction recombination velocity Sf0 is an electronic
parameter that accounts for the losses of carriers at the solar cell junction therefore so it
characterizes the quality of the junction emitter-base [2]. Some authors [3-5] proposed and
used experimental method to extract solar cell's intrinsic junction recombination velocity Sf0.
The aim of this paper is to show how intrinsic junction recombination velocity Sf0 can affects
the performance of a silicon solar cell. From the continuity equation, we calculated the
density of excess minority carriers in the base and with the associate photocurrent and
photovoltage across the junction. The electric power is then derived and its dependence on
intrinsic junction recombination velocity Sf0 or junction quality is discussed. The solar cell's
maximum electric power and the corresponding junction dynamic velocity at the maximum
power point are deduced from the electric power curves versus junction dynamic velocity, and
then the conversion efficiency of the solar cell is calculated. From the electric power lost by
Joule effect at the junction, we calculated the shunt resistance of the solar cell for various
intrinsic junction recombination velocity Sf0.
2. THEORY
2.1. Density of excess minority carriers
A polycrystalline back surface field silicon solar cell, presented in figure 1, is studied under
multispectral illumination and in the quasi-neutral base assumption [6, 7].
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Fig. 1. Silicon solar cell illuminated by multispectral light
When the silicon solar cell is illuminated with a multispectral light, the solution of the



























































The constants Ln and Dn are respectively electrons diffusion length and diffusion coefficient.
Coefficients ai and bi are tabulated values of the generation rate for solar radiation spectrum
under Air Mass 1, 5 standard conditions [8].
For a complete determination of the density of excess minority carriers, constants A1 and A2
must be determined by solving the two boundary conditions:
- At the junction emitter-base (x = 0)















- At the rear side of the solar cell (x = H)















Sf is the junction dynamic velocity and it is the sum of two contributions: the intrinsic
junction recombination velocity (Sf0) and the junction dynamic velocity (Sfj) imposed by an
external load resistance and which defines the operating point of the solar cell [7].
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jSfSfSf  0 (4)
For an ideal solar cell the losses of carriers at the junction interface are neglected and so that
the intrinsic junction recombination velocity (Sf0) is null. In this case, in open circuit (Sf tends
to zero) there is no current flux that crosses the junction because carriers are stocked on both
sides of the junction while in short circuit (large values of Sf, Sf ≥ 106 cm.s-1), all the carriers
collected at the solar cell's junction cross this junction [7]. But for a real solar cell, in open
circuit state (Sfj tends to zero), there is a current flux but it is drifted in the shunt resistance of
the solar cell and carriers are lost at the junction. This current that is lost because of interface
phenomena is a leakage current and is represented by an electronic parameter which is the
intrinsic junction recombination velocity (Sf0). Conversely, in short circuit condition (Sfj tends
to large values , Sfj ≥ 106 cm.s-1), the current flux imposed by an external load resistance
characterized by the electronic parameter (Sfj) called junction dynamic velocity [7] is higher
than the current lost at the solar cell’s junction.
Sb is the effective back surface recombination velocity and it quantifies the losses of carriers
at the solar cell's rear side.
2.2. Photocurrent densities
From Fick's law applied at the solar cell junction, one can derive the expression of the total















We present in figure 2 a plot of the total photocurrent density curves versus junction dynamic
velocity (Sfj) for various intrinsic junction recombination velocity.
I. Zerbo et al. J Fundam Appl Sci. 2016, 9(2), 1012-1026 1016
Fig. 2. Total Photocurrent density versus junction dynamic velocity for different values of
intrinsic junction recombination velocity (L=0.02cm; H=0.03cm;D=26cm2/s)
We observe on the curves in figure 2 that, taking into account or no of intrinsic junction
recombination velocity don't have any influence on the short circuit photocurrent (large values
of Sfj). Curves in figure 2 show also that, without intrinsic junction recombination velocity,
the open circuit photocurrent (corresponding to small values of Sfj) is null. But if we take into
account the intrinsic junction recombination velocity, the open circuit photocurrent is not null.
The open circuit photocurrent, also called leakage photocurrent, is proportional to the intrinsic
junction recombination velocity and evolves towards the value of short circuit photocurrent
for large values of intrinsic junction recombination velocity.
We have already shown in a previous work that the photocurrent density produced by the
solar cell's junction can be divided in two components: a component that  depends only on
the intrinsic junction recombination velocity Sf0 and a second component that depends on
the impedance of the external circuit and also the intrinsic junction recombination velocity Sf0
[9]. Applying this result [9] , the photocurrent density that crosses the external circuit and the
one that is lost because of interface phenomena can be expressed respectively by:
   0jjT0j Sf,Sf,0xSfqSf,SfJph   (6)
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   0j0F0j Sf,Sf,0xSfqSf,SfJph   (7)
In figures 3 and 4, we plot respectively the curves of photocurrent density that crosses the
external load versus junction dynamic velocity (Sfj) and the photocurrent density lost at the
junction (leakage photocurrent) versus junction dynamic velocity (Sfj) for different values of
intrinsic junction recombination velocity.
Fig. 3. External load photocurrent density versus junction
dynamic velocity for different values of intrinsic junction
recombination velocity (L=0.02cm; H=0.03cm;D=26cm2/s)
I. Zerbo et al. J Fundam Appl Sci. 2016, 9(2), 1012-1026 1018
Fig. 4. Leakage photocurrent density versus junction dynamic velocity for different values of
intrinsic junction recombination velocity (L=0.02cm; H=0.03cm;D=26cm2/s)
Curves in figures 3 and 4 show that the effects of interface states are more noticeable in open
circuit than in short circuit. That explain why some authors [3-5] used the intercept point
between the calibration curve of photovoltage versus junction dynamic velocity and the
experimental open circuit voltage for the determination of the intrinsic junction recombination
velocity (Sf0).
The consequence of the noticeable effects of interface states in open circuit will be a decrease
of the theoretical open circuit voltage.
From curves in figure 3, we determine the values of photocurrent density lost at the junction
according to intrinsic junction recombination velocity.
The results are given in Table 1.
Table 1. Leakage photocurrent for various intrinsic junction recombination velocity
Sf0 (cm/s) 0 10 10
2 103 104
JphF (mA/cm
2) 0. 0.227 2.131 13 28
The results of Table 1 confirm that the leakage photocurrent is proportional to the intrinsic
junction recombination velocity.
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2.3. Junction photovoltage
Using Boltzmann’s relation, the photovoltage across the junction of the solar cell is expressed:

















VT is the thermal voltage, ni is the density of intrinsic carriers at thermodynamic equilibrium
and NB is the base doping density.
The photovoltage curves versus junction dynamic velocity (Sfj) imposed by an external load
resistance for different values of intrinsic junction recombination velocity are plotted in figure
5.
Fig. 5. Photovoltage versus junction dynamic velocity for different values of intrinsic junction
recombination velocity (L=0.02cm; H=0.03cm;D=26cm2/s)
The shape of the different curves in figure 5 show a decrease of open circuit voltage with
intrinsic junction recombination velocity increase. The decrease of open circuit voltage is the
consequence of the increase of carriers losses at the junction of the solar cell with the increase
of the intrinsic junction recombination velocity.
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3. RESULTS AND DISCUSSION
The expression of the total electric power delivered by the base of the solar cell is:
     000 ,,, SfSfJphSfSfVph=SfSfP jjj  . (9)
We plot in figure 6, the total electric power variation versus junction dynamic velocity (Sfj)
for different values of intrinsic recombination velocity.
Fig. 6. Total electric power delivered by the solar cell versus junction dynamic velocity for
different values of intrinsic junction recombination velocity (L=0.02cm;
H=0.03cm;D=26cm2/s)
The shapes of the different curves show that to the neighborhood of the short circuit, the total
electric power delivered by the solar cell base is null. However, we observe on the curves that,
at the neighborhood of the open circuit, if the intrinsic junction recombination velocity
increases, the total electric power is none the less null but increases. This behavior of the
electric power of the solar cell near the open circuit is the consequence of the leakage
photocurrent that exists in this operating point. Indeed, the open circuit electric power which
represents the electric power lost at the junction, is proportional to the intrinsic junction
recombination velocity and evolves toward the value of the maximum electric power for large
values of intrinsic junction recombination velocity.
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As for the photocurrent density produced by the solar cell's junction, the electric power
delivered by the base of the solar cell can be divided in two components: a component that
depends only on the intrinsic junction recombination velocity Sf0 (electric power lost at the
junction) and a second component that depends on the impedance of the external load and
also the intrinsic junction recombination velocity Sf0 (electric power delivered to an external
load).
The electric power delivered to an external load and the one that is lost by Joule effect at the
junction can be expressed respectively by:
     
TjjTj
SfSfJphSfSfVph=SfSfP 000 ,,,  (10)
     
FjjFj
SfSfJphSfSfVph=SfSfP 000 ,,,  . (11)
We plot in figure 7 the variations in electric power delivered to an external load versus
junction dynamic velocity (Sfj) for various intrinsic junction recombination velocity.
Fig. 7. Electric power crossing external load versus junction dynamic velocity for different
values of intrinsic junction recombination velocity (L=0.02cm; H=0.03cm;D=26cm2/s
Curves in figure 7 have the same shape than those of previous works [2,7,9]. The maximum
of each curve that represents the maximum electric power decreases with intrinsic junction
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recombination velocity and it is obtained for values of junction dynamic velocity that moves
toward the short circuit (large values of Sfj) when intrinsic junction recombination velocity
increases.
From the external load's electric power curves versus junction dynamic velocity, we
determine, according to intrinsic junction recombination velocity, the values of maximum
electric power and the values of corresponding junction dynamic velocity SfMPP (junction
dynamic velocity at the maximum power point) and so we calculate the solar conversion












In this expression, Pinc = 100 mW/cm
2 in Air Mass 1,5 standard conditions, is the power of the
flux of the incident light.
The results are given in Table 2.
Table 2. Conversion efficiency of the solar cell for various intrinsic junction recombination
velocity.
Sf0 (cm/s) 0 10 10
2 103 104
Pmax (mW/cm
2) 17.00 16.98 16.91 16.55 15.29
SfMPP (×10
4 cm/s) 3.10 3.10 4.00 5.16 23.6
Efficiency η (℅) 17.00 16.98 16.91 16.55 15.29
The results of Table 2 show that the solar cell's maximum electric power and conversion
efficiency decrease while intrinsic junction recombination velocity increases. We also observe
that, the junction dynamic velocity at the maximum power point SfMPP increases with the
increase of intrinsic junction recombination velocity, and this behavior corresponds to a
displacement of the solar cell's operating point.
We plot in figure 8 the electric power lost at the junction versus junction dynamic velocity (Sfj)
for various intrinsic junction recombination velocity.
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Fig. 8. Electric power lost at the solar cell's junction versus junction dynamic velocity for
different values of intrinsic junction recombination velocity (L=0.02cm;
H=0.03cm;D=26cm2/s
Curves in figure 8 show that the electric power lost at the solar cell's junction is only
noticeable in open circuit and it is proportional to the intrinsic junction recombination velocity.
In the Shockley five-parameter model of a solar cell, a shunt resistance represents the leakage
current along the edges of the solar cell [10]. Thus, the electric power lost at the solar cell's
junction is lost in this shunt resistance by Joule effect.
Using the curves of electric power lost at the junction plotted in figure 8, we determine the
values of electric power lost at the junction according to intrinsic junction recombination
velocity and then we calculate the shunt resistance using equation (14):










The results are given in Table 3.
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Table 3. Shunt resistance of the solar cell for various intrinsic junction recombination
velocity.
Sf0 (cm/s) 0 10 10
2 103 104
JphF (mA/cm
2) 0 0.227 2.131 13 28
PF (mW/cm
2) 0 0.1475 1.381 8.406 16
Rsh(Ω.cm2) +∞ 2.862×103 304.107 49.740 20.408
The results of table 3 show that the shunt resistance of the solar cell decreases while
intrinsic junction recombination velocity increases resulting an increase of the leakage
photocurrent. This behavior means that the increase of intrinsic junction recombination
velocity leads to a decrease of the external load's electric power and confirm the derivation of
a part of generated current on the shunt resistance.
4. CONCLUSION
A modeling of the effect of intrinsic junction recombination velocity on the performance of a
silicon solar cell has been presented.
From a one-dimensional model, we pointed out the effects of intrinsic junction recombination
velocity, none the less on the photocurrent and the solar cell's conversion efficiency but also
on its shunt resistance. It appears in this work that, due to the carriers recombination at the
solar cell junction characterized by the intrinsic junction recombination velocity, the
photocurrent transmitted to the external load decreases with intrinsic junction recombination
velocity increase. This behavior led to the decrease of the solar cell's maximum electric power
which moves toward large values of junction dynamic velocity (SfMPP) and also to the
decrease of the solar cell's efficiency with the increase of intrinsic junction recombination
velocity. The increase in junction dynamic velocity at the maximum power point with
intrinsic junction recombination velocity (SfMPP) corresponds to a displacement of the solar
cell's operating point.
The modeling of carriers’ recombination in the solar cell junction as the derivation of leakage
photocurrent on the shunt resistance allows us to study the intrinsic junction recombination
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velocity effect on shunt resistance. It appears also that the shunt resistance decreases with
intrinsic junction recombination velocity increase. As the decrease of shunt resistance means
an increase of leakage photocurrent, this result confirms also the reduction of the solar cell's
photocurrent and maximum electric power with intrinsic junction recombination velocity
increase.
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